1. Cell-attached and whole-cell recordings from interneurons localized in the stratum radiatum of the CA3 subfield (SR-CA3) of neonatal (postnatal days 2-5) rat hippocampal slices were performed to study their activity during the generation of GABAergic giant depolarizing potentials (GDPs) in CA3 pyramidal cells. 2. Dual recordings revealed that during the generation of GDPs in CA3 pyramidal cells, the interneurons fire bursts of spikes, on average 4-5 + 1P4 spikes per burst (cell-attached mode).
F--MgATP-free solution, the remaining component of interneuronal GDPs reversed near 0 mV and rectified at membrane potentials more negative than -20 mV, suggesting an important contribution of NMDA receptors in addition to AMPA receptors. 5. In cell-attached recordings from interneurons, electrical stimulation in the stratum radiatum evoked a burst of spikes that corresponded to evoked GDPs. Pharmacological study of this response revealed that excitation of SR-CA3 interneurons during GDPs is determined by the co-operative depolarizing actions mediated by GABAA and glutamate (AMPA and NMDA) receptors. Interestingly, after blockade of AMPA receptors, GABAA receptor-mediated depolarization enabled the activation of NMDA receptors presumably via attenuation of their voltage-dependent magnesium block. 6. It is concluded that synchronous activation of SR-CA3 interneurons during generation of GDPs is mediated synaptically and is determined by the co-operation of (i) excitatory GABAergic connections between interneurons and (ii) glutamatergic connections to interneurons originating presumably from the pyramidal cells.
Synchronous inhibition of the pyramidal cells by GABAergic type of control of activity of the pyramidal cells to that in interneurons has been recently shown to be an important the adult, since GABA acting via the GABAA receptor mechanism of the synchronization of neuronal activity in operates as an excitatory transmitter at the early stages of adult hippocampus (Cobb, Buhl, Halasy, Paulsen & Somogy, development (for review, see Cherubini, Gaiarsa & Ben-Ari, 1995; Whittington, Traub & Jefferys, 1995; Ylinen, Soltesz, 1991) . The temporal window when GABA exerts excitatory Bragin, Penttonen, Sik & Buzsaki, 1995 b) . In the hippo-effects coincides with a particular pattern of synchronous campus of neonatal rats, interneurons provide a different activity of the pyramidal cells of CA3/CA4 subfields, R. Khazipov and others characterized by periodical network-driven events, so-called giant depolarizing potentials (GDPs) (Ben-Ari, Cherubini, Corradetti & Gaiarsa, 1989; Xie & Smart, 1991; Strata, Sciancalepore & Cherubini, 1995) . Since GDPs were shown to be mediated by GABAA receptors (Ben-Ari et al. 1989 ; Xie & Smart, 1991) , the GABAergic interneuron network must play a crucial role in their generation. However, the mechanisms of generation of GDPs remain unclear because the behaviour of interneurons during GDPs has not been studied. The principal question is whether and how the interneurons are synchronously activated during the generation of GDPs. In previous studies, an important role has been suggested for recurrent glutamatergic inputs to interneurons from pyramidal cells, since antagonists of glutamate receptors efficiently blocked GDPs (Ben-Ari et al. 1989; Gaiarsa, Corradetti, Cherubini & Ben-Ari, 1991; Xie, Hider & Smart, 1994; Strata et al. 1995) . Interestingly, NMDA receptors have been shown to make an important contribution to the generation of GABAergic polysynaptic activity in the neonatal hippocampus (Corradetti, Gaiarsa & Ben-Ari, 1988; McLean, Rovira, Ben-Ari & Gaiarsa, 1995) .
In the present paper, we have studied mechanisms of synchronization of activity of interneurons localized in the stratum radiatum of the CA3 subfield (SR-CA3) of neonatal hippocampal slices during GDP generation in CA3 pyramidal cells. We found that activation of interneurons is determined by the co-operation of activities of two types of synaptic connections: (i) excitatory GABAergic connections between interneurons and (ii) glutamatergic connections to interneurons originating presumably from the pyramidal cells. Part of the present work has been reported in abstract form (Khazipov, Gaiarsa, McLean, Konig & Ben-Ari, 1995; Khazipov, Khalilov, Leinekugel, Miles & Ben-Ari, 1996) .
METHODS

Slice preparation
Experiments were performed on hippocampal slices obtained from 2-to 5-day-old male Wistar rats. Slices were prepared as described previously (Ben-Ari et al. 1989 ). Animals were anaesthetized by intraperitoneal injection of pentobarbitone (0-02 ml of 6% solution). After killing the rat by decapitation, the brain was rapidly removed and placed in oxygenated, ice-cooled artificial cerebrospinal fluid (ACSF) (mM: 126 NaCl, 3. RESULTS GDPs in SR-CA3 interneurons are network-driven events Spontaneous activity in SR-CA3 interneurons recorded in whole-cell configuration was characterized by monosynaptic currents and periodic giant inward currents which appeared with a frequency of 6-2 + 2-1 min-' (n = 81). To keep with established terminology these currents hereafter will be referred to as interneuronal giant depolarizing potentials (GDPs; Ben-Ari et al. 1989; Xie & Smart, 1991; Strata et al. 1995) , although most of the present study was performed in a voltage-clamp mode. The following observations suggest that interneuronal GDPs, as pyramidal cell GDPs (Ben-Ari et al. 1989) , are network-driven synaptic events (Johnston & Brown, 1984) :
(i) they were abolished by TTX (1 #M) ( Ca2P), known to block preferentially polysynaptic activity (Berry & Penthreath, 1976) (Fig. 1B) ; (iii) they could be evoked by electrical stimulation in different areas of the hippocampus and fascia dentata in an all-or-none manner, and the latency decreased with increase of stimulus intensity while the amplitude did not change (Fig. 1C) ; evoked interneuronal GDPs were blocked by ITX and high divalent cation medium, as were spontaneous events; (iv) the frequency of spontaneous GDPs was not dependent on the membrane potential of the recording cell (Fig. 1D) ; (v) they could not be triggered by short (30-50 ms) depolarizing current pulses injected through the recording electrode; and (vi) they were synchronous in intracellular and extracellular recordings. Finally, dual recordings revealed that during the generation of GDPs in the pyramidal cell, interneurons fired a burst of action potentials (from 2 to 19, on average 4-5 + 1-4 action potentials per burst; n = 11) when recorded in cell-attached configuration ( Fig. 2A) . When interneurons were recorded in whole-cell configuration, synchronous GDPs were recorded in all pairs studied ( Fig. 2B ; n = 11). There was no systematic trend in onset latencies of GDPs between pyramidal cells and interneurons (the latency varied from -24 + 4 to 67 + 17 ms delay of pyramidal cell from interneuron; Fig. 2C ). A given type of cell did not systematically precede the other (mean delay, 2 + 8 ms; n = 11 pairs). This may be due to the relatively small number of pairs recorded. Nevertheless, this is in keeping with the observation that both GABA and glutamate contribute to GDPs (Ben-Ari et al. 1989; Gaiarsa et al. 1991; Xie et al. 1994; Strata et al. 1995) . The generation of network-driven GDPs therefore probably results from a complex interaction between the population of interneurons and pyramidal cells. To study whether GDPs are present in interneurons from other regions of the hippocampus, we recorded from interneurons located in the hilus (n = 5), stratum oriens of CA3 (n = 2), stratum oriens of CAI (n = 2) and stratum lacunosum-moleculare of CAl (n = 3). In all these cells, we observed GDPs that were similar to those recorded in the CA3 stratum radiatum interneurons. Nature of GDPs in SR-CA3 interneurons Two types of synaptic inputs, GABAergic and glutamatergic, could contribute to the generation of GDPs in SR-CA3 interneurons. The contribution of a GABAA receptoractivated Cl-conductance was estimated from the dependence of the charge-voltage relationships of GDPs on [CF-]1.
A
The reversal potential of interneuronal GDPs strongly depended on the [CI-]j: decrease of [Cl-] in the pipette solution from 142 to 17 and 4-2 mm (solutions 3, 2 and 1, respectively) induced a negative shift of the reversal potential of GDPs after about 10 min of dialysis from 2 + 4 mV (n= 5) to-32 + 3 mV (n= 4) and-58 +5 mV (n = 6), respectively (Fig. 3) . Thus, a CF-conductance clearly contributes to GDPs in SR-CA3 interneurons.
However, for the recordings with low [Cl-]i solutions, the reversal potentials of GDPs were more positive than those predicted by the Nernst equation (-54 and -91 mV for solutions 2 and 1, respectively) suggesting that, in addition to a Cl-conductance, some other conductance(s) with a more positive reversal potential, could also contribute to interneuronal GDPs. Indeed, after dialysis with a solution containing low [Cl-]1 (4'2 mm, solution 1), when GDPs were recorded at the reversal potential of GABAA postsynaptic currents (PSCs), a clear inward component of the GDPs was revealed (n = 6). Single events that composed this inward component in some cases could be clearly resolved and the kinetics of these --.-events were fast (decay time constant, 7 = 2-6 + 0 3 ms; n = 6) (Fig. 4) (Fig. 6 ). Although the cell-attached configuration has limitations for pharmacological analysis of GDPs in comparison with whole-cell recordings (since (i) only changes above spike threshold will be observed and (ii) the synaptic component of the response cannot be studied in separation by clamping voltage-gated conductances) this non-invasive approach was chosen because it should not change the intracellular Cl-concentration of the cells, i.e. it does not affect Cl--dependent GABAA receptor-mediated responses. In control, electrical stimulation evoked bursts of action potentials, equivalent to evoked GDPs recorded in whole-cell configuration (cf. Fig. 2 ) with, on average, 4-1 + 0 7 action potentials per burst ( Xie & Smart, 1991; Strata et al. 1995) . In the present study we provide direct evidence for this hypothesis by recording from SR-CA3 interneurons: indeed, SR-CA3 interneurons fired bursts of action potentials during GDPs in CA3 pyramidal cells. Since GDPs were observed in interneurons and pyramidal cells from other hippocampal subfields, they probably represent a property of all populations of neurons in the neonatal hippocampal slice.
The principal aim of the present work was to understand the mechanisms determining the synchronous excitation of interneurons during GDPs. Although non-synaptic mechanisms (Jefferys, 1995) (Reichling, Kyrozis, Wang & MacDermott, 1994; Serafini, Valeyev, Barker & Poulter, 1995) , hypothalamus (Chen, Trombley & van den Pol, 1996) cerebellum (Connor, Tseng & Hockberger, 1987) , neocortex (Yuste & Katz, 1991) and hippocampal CA3 pyramidal cells (Ben-Ari et al. 1989 ).
Using non-invasive cell-attached recordings, which should not change the intracellular chloride concentration, we observed that the GABAA receptor-mediated synaptic response can also trigger action potentials in neonatal SR-CA3 interneurons ( Fig.6Ac and d Tseeb, Ben-Ari & Bregestovski, 1995) . The depolarizing effect of GABA probably results from the reversed chloride gradient because of the delayed maturation of a chloride extrusion system (Misgeld, Deisz, Dodt & Lux, 1986; Hara, Inoue, Yasukura, Ohniski, Mikama & Inagaki, 1992; Serafini et al. 1995) . Involvement of HC03-permeability of GABAA receptors in the depolarizing effect of GABA, which has been observed in adult hippocampus (Staley, Soldo & Proctor, 1995) mechanism for this co-operation we suggest that the depolarization generated by the activation of GABAA receptors as well as that due to voltage-gated sodium (Fig. 6A c) and calcium channels (Leinekugel et al. 1995 Although synaptically activated AMPA receptors contribute to interneuronal GDPs (Fig. 4) (Fukuda, Mody & Prince, 1993; Gaiarsa, Tseeb & Ben-Ari, 1995) . Finally, one cannot exclude that pure NMDA receptor-based glutamatergic synapses are present in neonatal SR-CA3 interneurons, as has been reported for CAI (Durand, Kovalchuk & Konnerth, 1996) and CA3 (Ben-Ari et al. 1989) hippocampal pyramidal cells.
Synchronous neuronal activity reminiscent of hippocampal GDPs has been reported in various structures of developing brain, including spinal cord (Spitzer, 1994) , neocortex (Yuste, Nelson, Rubin & Katz, 1995) and retina (Feller, Wellis, Stellwagen, Werblin & Schatz, 1996 (Leinekugel, Medina, Khalilov, Ben-Ari & Khazipov, 1996) .
Since these [Ca2P] , transients are synchronous with the activity of presynaptic afferents, they can provide Hebbian modulation of developing synapses (Cash, Zucker & Poo, 1996; Durand et al. 1996) and may be involved in the activity-dependent formation of the hippocampal network. In addition, GDPs might be regarded as neonatal precursors of physiological sharp wave bursts observed in the adult hippocampus (Ylinen et al. 1995a ).
